To improve water quality and construct a landscape lagoon in China, an ecological reconstruction plan for the Qilihai Lagoon (Changli County, Hebei) is proposed. A three-dimensional numerical model (EFDC) was used to study the water renewal capacity in the reconstructed lagoon by using residence time, exposure time and connectivity as timescales. The influences of wind and the depth of the tidal inlet of the lagoon on water renewal capacity were also investigated. The results show that the transport and diffusion processes in the lagoon were strongly influenced by wind and the modification of the tidal inlet. The lagoon under a no wind condition exhibited a low water renewal capacity, especially at the end areas (exposure time, 700-1,000 days). The wind action notably enhanced the water renewal capacity in the lagoon, and the exposure times were all lower than 400 days in the whole region. The optimal inlet depth for the water renewal in the lagoon was predicted to be 4.0 m. The connectivity matrices identified which areas of the domain would be most affected by a pollution source under different conditions. This study examines transport and diffusion processes in a reconstructed lagoon, which could be informative for ecological reconstruction planning.
INTRODUCTION
The health of a lagoon ecosystem is governed by its physical, chemical, and biological processes. One physical process that affects the health and water quality of the system and indicates its susceptibility to impairment is the water renewal capacity between the lagoon and the open sea (Arega et al. ) . Through the advection and diffusion mechanisms, In this study, we focus on two timescales to estimate the water renewal process: residence time and exposure time.
Both timescales measure the time spent by a water parcel or a pollutant in a given water body. The residence time is usually defined as the time taken for a water parcel to leave the region of interest for the first time, which means the water parcel must vanish at the boundary of the region of the interest. The exposure time is defined as the accumulated time spent by a water parcel in the region of interest before the water parcel leaves the region definitively. In a tidal system, when the tide rises in a lagoon, new water is mixed with the existing water; when the tide falls, the water is discharged out of the lagoon. Some part of the discharged water is lost and mixed with the sea, while the remainder returns to the lagoon in the subsequent flow. In tide is 'new water' determining a difference between residence time and exposure time (Cucco & Umgiesser ) .
We aim to study the transport and diffusion process in a reconstructed lagoon (Qilihai Lagoon) in China using residence time, exposure time using a three-dimensional numerical model. The impact of meteorological factors (such as wind forcing) on the water bodies was also investigated.
This work also examines the potential impact of anthropic modifications to the tidal inlet on water bodies. Specifically the water renewal capacity and the transport and diffusion processes of dissolved pollutants under different tidal inlet depths are analysed. Detailed tasks of this study are as follows:
(1) to divide the lagoon into nine subregions and compute the residence and exposure times for each subregion to estimate the water renewal capacity in the reconstructed lagoon when only tide forces the circulation; (2) to decompose the exposure time into subregion exposure time, resulting in a connectivity matrix, and to estimate the transport and diffusion of pollutants in the reconstructed lagoon when only the tide forces the circulation; (3) to compute the exposure time and connectivity when the wind is prescribed and forces the circulation together with tide and to estimate the influence of wind on water renewal in the reconstructed Qilihai Lagoon; and (4) to compute the exposure time and connectivity under different depths of the inlet when the tide forces the circulation and to estimate the influence of inlet depth on water renewal in the reconstructed Qilihai Lagoon.
METHODS

Study area
The Qilihai Lagoon (Figure 1) an average depth of 1.0 m (Figure 1(a) ). Several measures have been introduced for ecological reconstruction planning. The first measure concerns expanding the water area of the lagoon. The shrimp ponds and beaches to the southwest of the lagoon will be reconstructed so that they will become part of the lagoon, increasing the new lagoon's total surface area to 9.65 million m 2 . The second measure concerns dredging the lagoon and cleaning the mud in the lagoon. After reconstruction, the average depth in the central part of the lagoon will increase to 2.5 m and the depth in the inlet will be 3.5 m. Finally, two artificial islands will be built for the purposes of landscape and recreation. Ecological parks, entertainment and culture centres, and resort hotels will be built on the island. The Qilihai Lagoon will be reconstructed into an ecological landscape lagoon as an entertainment and culture centre. The prevised shape of the ecologically reconstructed lagoon is shown in Figure 1(b) .
Numerical model
The three-dimensional Environmental Fluid Dynamics Code (EFDC) model was used for the simulations in this study. In the EFDC model, the hydrodynamics equations may be expressed in terms of Equation (1) to Equation (4), which are two momentum equations (Equation (1) and Equation (2)), a vertical hydrostatic pressure relationship equation (Equation (3)), and a continuity equation (Equation (4)).
The governing mass-balance equation for the passive tracer may be expressed as Equation (5): 
Water renewal timescales
Residence time
The residence time (R) is usually defined as the time taken To compute the mean residence time for each subregion Ω i , the concentrations of passive tracers at the boundary conditions are all set to 0. However, the initial concentrations of the passive tracers within the interior of the domain are different and set as follows:
Finally, we can compute the mean residence time of the initial water from subregion Ω i at time t 0 as:
in which x represents the horizontal coordinates (x, y). The simulations were all run for a long time to ensure that most of the tracers left the lagoon: less than 0.5% of the initial To calculate the residence time, the hydrodynamic computation is performed for the whole region, including the Qilihai Lagoon and part of Liaodong Bay (Figure 2(a) ,(c)), while the tracer computation is performed for a spatial region that includes only the Qilihai Lagoon (Figure 2(c) ).
Exposure time
The residence time focuses on the time taken for water parcels to leave the domain of interest for the first time.
According to this definition, the water parcels must vanish at the boundary of the region of interest, and the water parcels leaving the domain at certain times are not allowed to return. Consequently, this timescale may significantly underestimate the total time spent in the region of interest in tidal systems where water parcels close to the boundary will leave and return to the region several times before escaping completely.
Therefore, exposure time (E) is introduced and is defined as the accumulated time spent by a water parcel in the region of interest before the water parcel leaves the region definitively. The computation of exposure time is very similar to that of residence time, as outlined above.
The equation governing the tracer from region i and the initial condition is also similar to Equations (5) and (6).
However, the numerical model should simulate the spatiotemporal evolution of tracers in a region larger than the region of interest. Additionally, the computation domain should cover the regions where the whole process occurs so that the water parcels leave the control region on the 
The return coefficient r is between 0 and 1, indicating that no water parcels return after leaving the control domain when the return coefficient is equal to 0. The other limit value (r ¼ 1) reveals that the water parcels leave the control region quickly and return after a very long time.
Connectivity
The exposure time is approximately the time taken for water parcels to leave the entire region of interest. Decomposing the exposure time into each subregion results in additional timescales that represent the time that water parcels released from subregion Ω i spend in each subregion Ω j , (j ¼ 1, . . . ::n), which can be computed as:
in which E i,j represents the time that the water parcel released from subregion Ω i spent in each subregion Ω j . For the special case i ¼ j, E i,j reveals how long the water parcels released from subregion Ω i spend in subregion Ω i .
A dimensionless quantity can then be proposed:
in which d i,j expresses the ratio between the time spent in subregion Ω j and the total time spent in the whole region of interest by the water parcels released from subregion Ω i . The model was driven by surface wind stress and tide.
It is obvious that
The daily wind data were provided by the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/ index.jsp). The tide can be synthesised as follows:
In which, f i and u i are the nodal modulation amplitude and phase corrections, respectively, of tidal constituent i; σ i is the frequency of tidal constituent i; and V 0i is the astronomical argument phase angle. The quantities H i and g i are harmonically analysed constants that represent the maximum amplitude and phase lag, respectively.
The initial conditions were set for water level and flow velocity. The initial water level was set as the average value of the initial water level on the sea boundary. The initial flow velocity was set as 0 m s À1 .
Model calibration and validation
The Qilihai Lagoon model was calibrated using field data measured at Station A. (Figure 2 observations. Figure 3 shows comparisons of model-simulated water levels, flow velocity and flow direction against observed data for Station A. Table 1 
RESULTS OF SIMULATIONS AND DISCUSSION
Characteristics of water renewal and 9). The long residence times in these areas could be explained by two factors. One is that the tide inlet connecting the lagoon and the sea was so narrow that the waters in the inner and end lagoon areas could not be directly exchanged with sea water during a flood cycle. The other factor was the shape of the lagoons. The water in the inner lagoon areas was divided into several parts by artificial islands, and the water transport and diffusion were hindered by these artificial islands. Thus, the residence times in these regions abruptly became longer and increased toward the end of the lagoon. 
CONCLUSIONS
The aim of this paper is to provide information for the ecological restoration planning of the Qilihai Lagoon using the concept of residence time, exposure time and connectivity.
The main conclusions of the study are as follows.
The lagoon under the no wind condition exhibited a low water renewal capacity, and the exposure times in the end areas all exceeded 700 days. Thus, the water quality in these areas should be given attention by managers. The connectivity matrix showed that the pollutants from pollution source did not spend the same amount of time in each subregion before leaving the region of interest definitively, and the areas most affected by pollution were those around the pollution source in the no wind condition. This information may be useful for managers when identifying areas that need to be protected when pollution events occur.
Wind action could improve the water renewal capacity in the lagoon significantly, and the exposure times in the wind condition were all lower than 400 days in the whole region, especially for northeast wind, the exposure times were all below 200 days. Thus, autumn, with its dominant northeast winds, appeared to be the best time for removing pollutants in the lagoon. The connectivity in the lagoon was also changed by the wind action. The areas that were most affected were not limited to the areas around the pollution source. The inner and end lagoon areas should also be considered under southwest and northeast winds, In this study, we paid more attention to the physical processes of these pollutants, such as transport and diffusion, while neglecting ecological processes. The next step will be to investigate the fate of dissolved pollutants under integrated physical and ecological processes, and we hope these works will be useful for scientists and managers studying the Qilihai Lagoon. 
